Abstract: This paper presents properties of filtrate obtained from pig manure using the AMAK treatment process, which includes the mineralization of macro-and microfertilizer components by the hydrolyzing of organic matter into forms that are bioavailable to plants. Filtration produced two products, sediment and filtrate. The quality of the filtrate allowed for its use as a substitute of water to irrigate crops. Concentrations of heavy metals are very low and therefore the quality of the filtrate fully complies with European standard concerning fertilizers. The used mineralization process practically eliminated odors from the filtrate. The reduction of specific odor emission by 99.1-99.5% in samples taken from above the filtrate, respectively compared to the odor concentration found in samples taken from above raw pig manure. Sediment could be used as raw material for production of mineralorganic fertilizer. Filtrate and filtration sediments analyses show that the majority of nitrogen and other fertilizing compounds included in raw pig manure remains in sediment.
Introduction
Livestock manures represent a valuable resource, which if used can replace significant amounts of mineral fertilizers [1] . On the other hand, the large volumes of animal manure are not only a source of valuable plant nutrients [2] but are also a source of air pollution and a threat to aquifers and surface waters [3] . There is a pressing need for the development of technology for management and treatment of animal manure, which can ensure a sustainable use of nutrients and reduce environmental impacts [4] [5] [6] . In practice, this is related to significant problems with waste management, which can lead to excess pouring of the manure onto near fields [4] . Stored manure generates odor, primarily due to the anaerobic decomposition of proteins [7] .
Manure is treated with the use of various technologies which can be assessed in terms of efficiency by means of the reduction of chemical oxygen demand (COD) . Pig slurry is characterized by a high degree of hydration, on average containing 6-8% dry matter, whereas about 70-80% of dry matter comprises organic materials. Due to the domination of chemical transformations in slurry, a more reliable assessment of its organic matter content can be obtained through COD determination. Studies by many authors [4, [7] [8] [9] [10] [11] revealed that pig slurry is characterized by a very high biochemical oxygen demand and a rather high chemical oxygen demand [12] .
Manure must be separated before it can be treated and utilized [1, 11] . In order to lower the COD parameter of pig manure, the manure is divided into solid and liquid fractions [1] . In a previous study [13] , the energy costs to transport liquid manure from its storage site to agricultural fields assuming an annual manure application rate of 81.5 m 3 ha -1 and a length of 1.8 km for the pipeline running between the storage cisterns and the fields to be treated was analyzed. Under these conditions, the annual energy consumption was between 2726 and 2209 MJ. In comparison, this consumption constitutes 33% and 27% of the energy costs of nitrogen from anhydrous ammonia and urea, respectively. The resulting increase in manure transport costs for farmers in pig-dense regions, along with the potential of surface and groundwater pollution from the land spreading of manure, has resulted in the need for practical and economical on-farm solutions for pig manure treatment.
Many pig slurry separation techniques influence the characteristics of N in the resulting liquid and solid fractions [11, 14] . The separation of manure produces a solid fraction and a liquid fraction. The solid fraction can be applied to fields as a fertilizer, composted, or used as a fuel. The liquid fraction may be irrigated, or it could be treated further. Methods of slurry separation include: sedimentation, filtration and mechanical methods. Efficient separation usually requires the use of chemical additives to the slurry to encourage the binding or smaller particles before separation begins [1, 11, 14] .
The example of using the integrated manure treatment systems is a SELCO-Ecopurin separation method [15] which has been introduced in swine farms in Europe and the USA. SELCO-Ecopurin is a technique of dividing manure into solid and liquid fraction by the use of polyacrylamide flocculants and further filtration with a filtration press and pressure flotation machine. The average efficiency of the separation process in relation to the reduction of COD is equal 63-84%. After the second stage of treatment (further separation with polyacrylamide addition), a considerable reduction of COD occurs (97% with the starting level to 60 g L -1
). The BIOSORTM-Manure biofiltration process [4] for pig manure treatment makes it possible to obtain the overall pollutant removal: more than 95% of BOD 5 , more than 97% of suspended solids SS, more than 84% of TKN, as well more than 87% of P, despite strong variability in ). This process eliminated > 80% of the odor intensity from the production units and the manure storage.
In the final scheme of the PIGMAN concept that was performed on a laboratory scale [16] , the following successive process steps was used: thermophilic anaerobic digestion with sequential separation by decanter centrifugation, post-digestion in an up flow anaerobic sludge blanket (UASB) reactor, partial oxidation, and finally the oxygen-limited autotrophic nitrification-denitrification (OLAND) process. This combination of mentioned steps effected in reduction of the COD, nitrogen, as well as phosphorus content in filtrate by 96%, 88%, and 81%, respectively.
The BIOREK process [17] , which has been tested on a pilot scale, includes anaerobic digestion, ammonia stripping, ultrafiltration, and reverse osmosis, and its operational costs are high. That technology retains biomass. High, up to 99.9% of ammonia removal efficiencies can be obtained at ambient feed temperatures.
In the past few years, utilization of a membrane process in separation has been improved [17] [18] [19] . In order to lower the manure COD in [18] , the manure was divided into fractions by the use of a filter press, or hydrocyclone, or vibrating screen or screw press. In the second stage, liquid fraction was treated on a bag filter (up to ~15 g L -1 COD) and then microfiltration was applied and reverse osmosis. The content of the COD in the obtained permeate was 0.2 g L -1
. The liquid fraction obtained can be used to irrigate fields or discharged into public sewage system, while the solid fraction can be used as a fertilizer or a renewable source of energy [18] . The work [19] integrated whirling and ultrafiltration system enabled to lower the COD content from 62.8 to 28.0 g L -1
. The presented paper examined the properties of the filtrate obtained from pig manure treated by the elaborated complex pig manure treatment technology [20, 21, 22] (AMAK process). The treatment of pig manure by mineral acids in the AMAK process aims to mineralize the macro-and microfertilizer components into forms that are bioavailable to plants by binding volatile organic and inorganic nitrogen compounds and by hydrolyzing organic matter. Moreover, the addition of acids and the alkalization of the manure slurry with lime milk at two stages of the treatment process resulted in the elimination of pathogens. The addition of a superphosphate influences the balance of the content of N and P in the sediment and increased the calcium phosphate content in the slurry. Manure processing produced two products, i.e. filtration sediment and filtrate. Sediment can be used as a raw material for the production of mineral-organic fertilizer [23, 24] , while the physicochemical properties of the filtrate were analyzed in terms its use as a substitute of water for sprinkling fields or treat it in classic sewage treatment plants.
Experimental Procedure

Characteristics of pig manure
The pig manure was taken from a piggery located near the town of Piła, northern Poland that produces piglets intended for fattening in other pig farms as well as sows for renewing the flock. The average monthly livestock statistics as to the type of animals were as follows: 1101 sows, 64 gilts, 2536 sucking piglets, 140 weaned piglets, 200 shoats, 160 porkers, in total 4201 [8, 25] . Pig manure samples were taken from drain pipe carrying slurry from a piggery to a lagoon. Each time sampling was made using the same system and source of sample [8, 9, 20] . For the treatment process, representative 10 L samples of pig manure taken were used and a total of 150-230 g of manure was processed in one batch.
Analyses
The chemical composition of the pig manure was determined in accordance with the Polish standards for the examination of waste, wastewater, and fertilizer. In the sample taken, the content of nitrogen, chemical oxygen demand, phosphorus, potassium, calcium and dry mass was determined according to Polish standards [26] [27] [28] [29] [30] [31] [32] . The microbiological analyses were conducted in accordance with Polish standard [33] to identify the bacilli of genus Salmonella and live eggs of parasites.
For laboratory tests, a pressure filter of volumetric capacity of 2000 mL manufactured by Sartorius was used for manure filtration. The Kjeldahl's method for the nitrogen determination in the manure and in the filtrate, DK6 mineralizer and equipment for distillation with steam (manufactured by VELP), were used. The phosphorus content was determined with a Nanocolor UV/VIS spectrophotometer (manufactured by MachereyNagel). For COD determination samples were mineralized with a M-9 mineralizer. To determine the Ca, K, Mg, P, and S content in the sediment, an inductively coupled plasma atomic emission (ICP-AE) spectrometer (OPTIMA 7300 DV manufactured by Perkin Elmer) was used. The C, H and N contents were determined using a Perkin Elmer PE 2400 analyzer. The content of macroelements (Ca, Mg, S, Al), heavy metals (As, Pb, Cd, Cr, Ni) and microelements (Cu, Zn, Mo, Fe, Mn) were determined using Inductively Coupled Plasma Atomic Emission (ICP-AE) spectrometer of OPTIMA 7300 DV (manufactured by Perkin Elmer). The content of potassium and calcium was determined with flame atomic absorption spectroscopy (FAAS), using an OPTIMA 7300 DV apparatus (manufactured by Perkin Elmer). The concentration of mercury (Hg) was determined with atomic absorption spectroscopy method, by means mercury analyzer AMA-254 ALTEC.
According to the Directive on fertilizers, chemical analyses of fertilizers includes the determination of [24] : the total content of phosphorus compounds with the -use of the method of extraction of phosphorus contained in the fertilizer with a mixture of nitric and sulfuric acid, the content of phosphorus compounds soluble in formic -acid with the use of the method of determination of extracted phosphorus soluble in 2% formic acid, the content of phosphorus compounds soluble in -citric acid with the use of the method of determination of extracted phosphorus soluble in 2% citric acid, the content of phosphorus compounds soluble in -ammonium citrate with the use of the method of determination of extracted phosphorus soluble in inert ammonium citrate in temperature of 65 °C (pH = 7).
The total content of nitrogen was determined by the use of the method involving the reduction of nitrates to ammonia in an acidic environment in the presence of powdered chrome and distilling the ammonia off the alkaline solution [26] . In a study [28] , this method was used to determine the Kjeldhal nitrogen in the sample. Ammonia nitrogen was analyzed by the distillation method with end acid-base titration in accordance with the Polish standard [29] . K 2 O analyses were performed with the use of the flame atomic absorption spectrometry in accordance with the standard [32] . The calcium content was determined (on a previously mineralized sample) in accordance with [24] .
To compare the emission of odors from raw manure and products of its treatment and filtration, gases sampled from the raw pig manure before treatment and from the filtrates and sediments after treatment were measured using the dynamic olfactometric method [34] [35] [36] . 
Calculations
The correlation coefficients were obtained by Statistica software vers. 12.0. Correlation was considered statistically significant at α < 0.05.
Results and Discussion
The physicochemical characteristics of the raw pig manure and filtrate are presented in . Microbiological research did not indicate any presence of Salmonella or live parasite ova. The chemical composition of manure indicates very strong fluctuations and is the primary challenge with manure processing [1, 11] . The major differences in composition of the manure are dependent on the methods of collection, dilution, and storage. There is significant difference in the composition of pig slurry from different categories of pigs related to different diets [37] . Recent advances in reproductive efficiency also have led to less manure generated from sows and boars as a percent of the total waste stream. Thus, previous estimates of waste production and composition may prove to be inaccurate estimators and in many cases will overestimate both the total volume of production and the composition of the pig manure produced [1, 11] .
The sample of filtrate was prepared according to the new pig manure treatment and filtration AMAK process [22] . The flow sheet of the AMAK process is presented in Figure 1 . Approximately 75% phosphoric acid and 95% sulfuric acid were added to the raw pig manure to obtain pH values of 5.5 and 3.0, respectively. The slurry was then treated with a 10% solution of lime milk to obtain a pH of ~10.5. Afterwards superphosphate was added up to 4% of the raw manure weight, and the second alkalization step by addition of lime milk to obtain a pH of 10.5. The processed slurry was heated up to 90°C and filtered with the pressure filter. As a result of filtration, light straw colored filtrates, were obtained.
The advantage of worked out technology is the method of incorporation in organic phase of the manure of 40-59% of crystalline phase. All these resulted in high filtration rate with used pressure filters over 1000 L m -2 h -1 and good quality of filtrate [8, 20, 22] . According to several studies [1, 22, 23] , the obtained sediment containing high quantities of bio-available calcium phosphates could be used as a semi-product to obtain a mineral-organic fertilizer containing nitrogen, phosphorus, potassium, calcium, and sulfur compounds and microelements. Simultaneously the filtrate was recycled to prepare the lime milk solution, and eventually, to dilute the raw pig manure. The remaining filtrate could be used to irrigate crops or could be treated in conventional biological wastewater treatment plants [20, 22] .
Obtaining filtrate with controlled quality parameters
To obtain a high-quality filtrate, the pig manure treatment process should be properly controlled. The influence of the total solids content in raw pig manure, and the quantity of superphosphate as well as the addition of lime milk during the process, on the resultant concentrations of COD, N, as well as the P in the produced filtrate were examined [8, 22] . The results showed that these parameters can be regulated in the pig manure treatment process to obtain a filtrate with proper quality. To produce a filtrate with the optimal quality, the treated manure should contain 4-5% TS. The quantity of superphosphate added to the manure should be equal to 4% of the weight of the raw pig manure, while the quantity of lime milk added to the manure should increase the pH of the neutralized manure up to 10.5. Table 1 includes comparisons between COD content in manure and filtrate obtained as a result of use of the pig manure treatment and filtration AMAK process. Calculations of the removal of COD, N, and P were made on the basis of the mass balances given the mass and volume of the effluents and the concentration of COD, N, and P in the effluents and in the raw pig manure. The removal efficiency RE (%) was calculated according to the equation (2):
] of the COD, N, and P in the sample of raw pig manure and C B is the concentration in [g L -1 ] of the COD, N, and P in the filtrate.
Chemical composition of the treated filtrate
With the intention of utilizing the filtrate as a fertilizer, the content of the fertilizer components in filtrate was determined. Table 1 presents the summary of the contents in the liquid phase extracted from manure, the Kjeldajhl nitrogen, phosphorus, potassium and total content of calcium. The average content of the total nitrogen varied within a range of 0.17 -0.59%, and within a range of 0.09 -0.42% for ammonium nitrogen. The varying nitrogen content is the result of a diverse chemical composition of the raw pig manure.
Despite the strong variability in COD (9-113 g L -1
), N (3-9 g L -1 ), and P (0.2-1.8 g L -1 ) values in raw pig manure, the removal efficiencies were high, 95-96% for COD, up to 80% for TKN, and 96-97% for P. Statistically significant correlation were found between the COD, N and TKN for manure and filtrate, r=0.888 (p<0.05), r=0.995 (p<0.05) and r=0.982 (p<0.05), respectively.
Amount of phosphates in a form of soluble phosphorus in filtrate expressed as P 2 O 5 was determined in accordance with analytical research enabling to estimate its content in digestible forms ( Table 2 ). The filtrate could be used to irrigate crops and these values are interesting from these terms [20, 22] . The bioavailability of phosphorus was examined in accordance with [24] .
The content of microelements and heavy metals in the filtrate were summarized in Table 3 . The microelement content in filtrate was low. The highest content was that of potassium and its level varied within a range of 1040 -2310 mg L -1 . The contents of sulfur and iron in filtrates vary between 68 -424 mg L -1 and 2.9 -185 mg L -1 respectively. Concentrations of heavy metals are very low and therefore the quality of the filtrate fully complies with the European standard concerning fertilizers [24] . Table 4 shows also content of fertilizing compounds in filtration sediment. Studies assessing the bioavailability of phosphate form in the sediment were made in terms their use as the fertilizer [20, 22, 23] . Table 5 shows the results of analyzes of microelements and heavy metals in filtration sediment.
Most of nitrogen compounds present in the manure remains in filtration sediment [8] . The particle sizes in the slurry are important for evaluation of sedimentation during storage and slurry separation, e.g. filtration to retain particles above a certain size. The amount of DM in the fraction <0.025 mm is larger in pig slurry than in cattle slurry, 66-70% and 50-55% of DM is in the particlesize fraction smaller than 0.025 mm in respectively pig and cattle slurry. Anaerobic digestion reduces DM concentration of animal slurry, and changes the partitioning between fraction of large and small particles. It has been observed that particles < 10 μm accounts for 64% of DM in raw slurry, while it increases to 84% of DM in anaerobically digested slurry [1]. More than 80% of N and P is in the fraction <0.125 mm of cattle slurry [38] and analysis of particle size fraction showed that in slurry more than ca. 70% of the un-dissolved N and P was in the particle size fraction 0.45-250 μm. A proper method of filtration yielded good quality filtrate and these resulted in increased content of N in filtration sediment.
Concentrations of heavy metals are low and therefore quality of the filtration sediment complies with European standard concerning fertilizers [24] .
Elimination of odors emission
The emission of odors is very inconvenient during swine manure storage in lagoons [1, 8] . A reduction of emissions of ammonia from slurry in storage as well as from soil applications can be achieved through acidification of animal manure [39, 40] . The composition of the slurry after storage indicated that organic matter was inhibited by acidification during the storage, most likely because of the presence of acetate in the combination with the low pH values [40] .
The utilization of the mineralization process practically eliminated the emission of odors from the filtrate and sediment (Table 6) [22, 34, 36] . Even after 3 months, odor emissions from the filtrates [34, 36] were not detected. The reduction of the specific odor emission and odor concentration by 99.1% and 99.5% in samples taken from above the filtrate, respectively, as compared to the odor concentration found in samples taken from raw pig manure referred to above.
Conclusions
This paper presents research results on the quality of filtrate generated as a result of the use of elaborated complex pig manure treatment technology (AMAK process) and provides a new solution for the treatment and filtration of pig manure. Manure filtration produces two products, filtrate and filtration sediment. The presented physicochemical properties of the filtrate were analyzed in terms its use as a substitute of water for sprinkling fields. The properties of the filtrate supports its use as a substitute of water for to irrigate crops. Concentrations of heavy metals are very low and therefore quality of the filtrate fully complies with European standard concerning fertilizers. The mineralization process practically eliminated the emission of odors from the filtrate. A reduction of specific odor emission odor concentration was by 99.1-99.5% in samples taken from above the filtrate, respectively comparing to the odor concentration found in samples taken from above raw pig manure.
Sediment could be used as raw material for production of mineral-organic fertilizer. Filtrate and filtration sediments analyses show that the majority of nitrogen and other fertilizing compounds included in pig manure remains in sediment. 
